In this work, surface modification of 6FDA-BisAAF fluorine-contained polyimide by O 2 or N 2 plasma was carried out and material characteristics of the surfaces after plasma treatment were investigated. X-ray photoelectron spectroscopy analysis reveals that O 2 plasma will react with carbon atoms in the polyimide structure to form C-O bonding on the surface and destroy the polymer structure. Reactions between nitrogen and fluorine are thermodynamically favorable during the N 2 plasma treatment and result in a significant defluorination on the surface and an increase of water absorption. The polyimides, with or without plasma treatment, were made into a metal-insulator-silicon structure to investigate its current leakage characteristics. From the currentvoltage ͑I-V͒ measurement, the N 2 plasma treated sample reveals a greater leakage current than that of the untreated and O 2 plasma treated sample. The unstable bonds created by the N 2 plasma treatment may absorbed more H 2 O molecules and degraded electrical characteristics. Details are discussed in the paper. Polymer materials, with their stable chemistry, excellent electrical properties, and easy processability, have drawn a lot of attention in the microelectronic industry. Among them, polyimides, owing to their superior properties, have been used in many applications, such as passivation layer, substrate materials, optical devices, interlayer dielectric, etc. Among them, fluorine-contained polyimides with their low dielectric constants, good thermal properties, superior resistances to chemicals, high transparencies, and excellent mechanical properties were considered as one of the best materials for use the microelectronic devices.
Although investigations of plasma effect on polymers have been reported in many previous studies, most of them were focused on the nonfluorine contained polyimide and amorphous carbon-fluoride films ͑a-C:F͒. 7, 10, 11 Investigation of the effect of plasma treatment on the fluorine contained polyimide and the role of fluorine atom in the plasma process is deficient.
In this study, 6FDA-BisAAF fluorine-contained polyimide were synthesized and modified by O 2 or N 2 plasma. The effects of plasma modification on surface bonding states, surface morphology, thermal stability, water absorption behavior, and electrical property were discussed.
Experimental
Synthesis of 6FDA-BisAA polyimide.-2,2Ј-bis-͑3,4-dicarboxyphenyl͒ hexafluoropropane dianhydride ͑6FDA͒, 2,2Ј-bis-͑4-aminophenyl͒ hexafluoropropane ͑BisAAF͒, and anhydrous N-methylpyrrolidine ͑NMP͒ were obtained from the commercial source without further purification. The viscous poly͑amic acid͒ solution was obtained by mixing 6FDA and BisAAF monomers with a ratio of 1:1 in an appropriate amount of NMP. The synthesis reaction was carried out at room temperature in N 2 atmosphere with continuous stirring for 6 h. The precursor was spun onto a RCA cleaned p-type silicon wafer and dried in a vacuum oven at 80°C for 8 h. After the baking process, the precursor was converted to 6FDA-BisAAF polyimide by heating to 300°C in air for 1 h. All the polyimide films were in a thickness of 450 nm. The chemical structure of 6FDA-BisAAF polyimide is shown in Scheme 1
Plasma treatment and characterization.-Plasma treatment was carried out in a cold-wall, single-wafer plasma enhanced chemical vapor deposition ͑PECVD͒ chamber. N 2 ͑99.99%͒ and O 2 ͑99.8%͒ gases were introduced into the chamber, and the working pressure was controlled at 0.4 Torr. The capacitively coupled plasma was generated by a radio frequency ͑rf, 13.56 MHz͒ power supply connected to the showerhead plate with a power of 100 W and the substrate holder was grounded. The treatment was done at room temperature and the treated time was controlled to be 5 min for all samples.
The Fourier transform infrared spectrometer ͑FTIR, Jasco 460 FTIR spectrometer͒ was used to measure the IR spectra. The spectra were obtained with 32 scans for each sample. Chemical bonding states of samples before and after plasma treatment were examined by using X-ray photoelectron spectroscopy ͑XPS, VG ESCALAB-210͒ equipped with a 12 kV Al/Mg X-ray source. In this study, all the XPS measurements were performed by using Mg K␣ emission at 1253.6 eV. Before the deconvolution, the original spectra were smoothed and the background was subtracted by using the Shirley formula. The deconvolution was done by fitting the spectra to multiple peaks comprised of a Gaussian function. The charge effect was compensated by setting the binding energy of aromatic carbons, which does not link to oxygen or nitrogen, at 285.0 eV. Surface morphology of the plasma treated samples was observed by using an atomic force microscope ͑AFM, Digital Instruments Nanoscope-E͒. Gas desorption behavior of the samples was characterized by thermal desorption spectroscopy ͑TDS, Hitachi Tokyo Electronic UG-400͒ with a ramping rate of 20°C/min from room temperature to 800°C. To fabricate the metal-insulator-silicon ͑MIS͒ structure, 300 nm thick aluminum dot electrodes were deposited on the polyimide/Si samples by electron beam ͑E-beam͒ evaporation. The current-voltage ͑I-V͒ characteristic was evaluated by using a HP4140 picoamperemeter/dc voltage source. Dielectric constants of these samples are examined from the capacitance-voltage ͑C-V͒ curves by using a computer-controlled HP4284 LCR meter at a frequency of 100 kHz.
Results
The structure of the polyimides before and after O 2 or N 2 plasma treatment was characterized by FTIR, and the spectra are shown in Fig. 1 . The IR spectrum of untreated 6FDA-BisAAF polyimide shows absorptions in several regions. The imide carbonyl peaks at 1789 cm −1 ͑CvO asymmetric stretching͒, 1726 cm −1 ͑CvO symmetric stretching͒, and 715 cm −1 ͑CvO bending͒. The peak at 1379 cm −1 has been attributed to the C-N stretching. In addition, the multiple absorption bands observed between 1100 and 1300 cm −1 are attributed to the C-F stretch bending absorption from trifluoromethyl ͑CF 3 ͒ groups. 12, 13 The band around 2300-2400 cm −1 corresponds to the uncompensated background CO 2 during IR measurement. No amide carbonyl peak is found at 1650 cm −1 . It suggests a full imidization after 300°C/1 h curing. Similar absorption bands and band intensity are observed in O 2 and N 2 plasma treated samples. The result reveals that the bulk structure of the 6FDA-BisAAF remains unchanged after plasma treatment.
Surface morphology of the samples before and after plasma treatment is investigated by AFM. The root-mean-square roughness ͑R rms ͒ of surfaces of untreated, O 2 , and N 2 plasma treated samples is listed in Table I , and the values of these samples are 0.48, 1.63, and 1.48 nm, respectively. The increase of surface roughness in plasma treated samples may correspond to the etching and ion bombardment effect during plasma modification. Dielectric constants of the samples are calculated from the capacitance-voltage ͑C-V͒ characteristic and are listed in Table I . The dielectric constants of untreated, O 2 , and N 2 plasma treated samples are 2.75, 2.92, and 3.12, respectively.
The chemical bonding configurations of the polyimide surfaces were examined by using XPS. Figure 2a -c shows the C 1s spectra of 6FDA-BisAAF polyimides before and after plasma treatment. The untreated polyimide shown in Fig. 2a can be divided into four contributions and the assignment of peaks follows a typical case of polyimide. The four components of carbon bondings, characterized by the binding energies ͑from low to high͒ of core-level electrons, are as follows: peak 1 at 285.0 eV, pertaining to carbon atoms that only linked to carbon or hydrogen atoms ͑C--C,C-H͒; peak 2 at 286.2 eV, pertaining to carbon atoms linked to nitrogen ͑C-N͒; peak 3 at 288.6 eV, pertaining to carbon in the carbonyl groups ͑CvO͒; and peak 4 at 292.9 eV, pertaining to carbon bonded with fluorine Table II .
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͑the C-F bonds in CF 3 ͒. 5, 14 The peak appearing around 290.6 eV corresponds to the shake-up structure ͑-* ͒, which usually appears in the aromatic and unsaturated polymer. Binding energy deviations between the deconvoluted peaks and their corresponding reference data are due to their slight difference in atomic surroundings. C 1s spectra of samples after O 2 and N 2 plasma treatment are shown in Fig. 2b and c, respectively. Peaks pertaining to C-C ͑285.0 eV͒, C-N ͑286.1 eV͒, CvO ͑288.8 eV͒, and C-F ͑292.9͒ bondings of the fluorine-contained polyimide, as seen in the spectrum of the untreated sample, are also found in these spectra. However, an addition peak at 287.4 eV, assigned to the C-O bonding, is observed in both O 2 and N 2 plasma treated samples.
O 1s spectra of 6FDA-BisAAF polyimides, before and after plasma treatment, are shown in Fig. 3 . A single peak, at 532.3 eV, pertaining to the oxygen in the carbonyl group ͑OvC͒.
15 in polyimide structure is observed in the untreated sample shown in Fig. 3a .
The O 1s spectrum of 6FDA-BisAAF polyimide after oxygen and nitrogen plasma treatment is shown in Fig. 3b and c, respectively. The O 1s spectrum of the O 2 plasma treated sample is comprised of three component peaks ͑Fig. 3b͒. peak 1 at 533.4 eV, pertaining to the single bonding of oxygen and carbon atom ͑O-C͒; peak 2 at 532.3 eV, pertaining to the oxygen in the carbonyl group ͑OvC͒ in the imide rings of polyimide; and peak 3 at 531.4 eV, pertaining to the oxygen in the structure of linear OvC-N structure.
14 Peaks pertaining to O-C ͑533.3 eV͒ and OvC ͑532.1 eV͒ bonding are also found in the N 2 plasma treated sample ͑Fig. 3c͒.
The assignments of peaks and the relative peak area ͑in %͒, with respect to the total C 1s integrated area, for each component of these samples are listed in Table II. In Table II , the relative peak area of C-N bonding remains almost unchanged in the three systems. However, the relative peak area of C-C/C-H, C-O, CvO, and C-F bondings reveals incoherent changes after different plasma treatment. For C-C/C-H bondings, a remarkable decrease in peak areas, from 53.5 to 34.2%, is observed in the O 2 plasma treated sample. However, a comparatively lower decrease ͑53.5 to 49.3%͒ of the C-C/C-H peak area is found for the sample after N 2 plasma treatment. The C-O bonding, which does not exist in the untreated sample, reveals a significantly greater relative peak area in the O 2 plasma treated sample than in the N 2 plasma treated sample. In addition, a larger decrease in C-F bonding intensity is also observed after N 2 plasma treatment. Because the deconvoluted peaks of CvO and C-N bondings overlap with the other peaks ͑C-O,C-C/C-H͒, there may exist errors during the calculation of area for these peaks. Small changes in the relative area of CvO and C-N peaks may be neglected. Thus, the relative peak intensities of C v O and C-N in this study are considered to be unchanged before and after plasma treatment. To further understand the compositional changes on the surface, elemental composition was calculated by XPS spectra. The result was listed in Table III . From the data shown in Table III , increases of oxygen content are observed in both O 2 and N 2 plasma treated samples. Besides, a decrease in the fluorine content is observed in the plasma modified samples. Figure 4 shows the TDS spectra regarding the desorption of H 2 O molecules ͑M /e = 18͒ from 6FDA-BisAAF polyimide, before and after plasma treatment. Desorption of H 2 O can be separated into two Table II . XPS binding energies and relative peak area of deconvoluted C 1s spectra obtained from 6FDA-BisAAF fluorinated polyimide before and after different plasma treatment.
Binding energy ͑eV͒/͓relative peak area ͑%͔͒ C 1s 
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Journal of The Electrochemical Society, 153 ͑6͒ F120-F125 ͑2006͒ F122 parts: the physical absorbed H 2 O ͑hydrogen-bonded or in free form, desorbed below 300°C͒ and the constitutional H 2 O ͑desorbed above 300°C͒. 16, 17 However, the constitutional H 2 O here indicates the generation of H 2 O during polymer decomposition. As shown in Fig. 4 , the N 2 plasma modified sample reveals a higher desorption intensity of physically absorbed H 2 O ͑below 300°C͒ than untreated and O 2 modified samples. The strong peak appearing at the temperature around 535°C in all samples corresponds to the formation of H 2 O during polyimide degradation. CO 2 desorption spectra of these samples are shown in Fig. 5 . When polymers decompose, the main products are H 2 O and CO 2 . The effect of O 2 and N 2 plasma treatment on thermal decomposition of fluorinated polyimides can be observed from the TDS spectra of H 2 O and CO 2 . The CO 2 TDS spectra reveal a comparatively lower decomposition temperature in the untreated sample at the temperature of 420°C. Significant CO 2 desorption of the O 2 and N 2 plasma treated polyimides is not found until temperatures above 470°C. Figure 6 presents the I-V characteristics of the Al ͑300 nm͒/6FDA-BisAAF ͑450 nm, with or without plasma treatment͒/p-type Si MIS capacitor. The leakage current behavior of these samples can be simply divided into two regions. As the applied electric field below 0.7 MV/cm, the leakages in all samples are similar and with a value lower than 2 ϫ 10 −7 A/cm 2 . However, above 0.7 MV/cm, the N 2 plasma modified sample reveals a greater leakage current and reaches a leakage of 1.15 ϫ 10 −6 A/cm 2 at applied electric field of 2.0 MV/cm. The untreated and O 2 treated samples maintain a relatively low leakage current which only gets to a value of 3 ϫ 10 −7 A/cm 2 at 2.0 MV/cm. The behavior of the leakage current for these samples will be discussed later.
Discussion
Plasma surface modification on polymers is generally effective within a depth greater than 10 nm. Because the detection depth of XPS is about 5-10 nm, the XPS data thus can provide the bonding configurations of plasma treated polyimides. From the results shown in Tables II and III , a remarkable decrease in C-C/C-H bondings and an increase in C-O bonding after plasma treatment are observed. Oxygen is considered as a reactive species to carbon atoms in polymers. The most common chemical reactions that happen in the initial stage of oxygen plasma treatment are illustrated in Eq. 1 and 2
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As shown in Eq. 1 and 2, the oxygen atom ͑use "O:" as the symbol in the equation͒ in the plasma may react with the hydrogen in the phenyl structure forming a free hydroxyl group ͑-OH͒ that leaves a carbon dangling bond on the structure ͑Eq. 1͒ or directly destroying the CvC bonding with the formation of C-O bonding ͑Eq. 2͒. The carbon atoms with an unpaired electron then act as active sites to further react with oxygen. On the contrary, N 2 plasma is considered to be less reactive to polymers.
Because oxygen is a reactive species that reacts with the carbon in polymers, the decrease in C-C/C-H bondings and increase of C-O bondings after O 2 plasma treatment is expected. C-O bonding is also found in the XPS data of the polyimide after N 2 plasma treatment. Because the nitrogen is less reactive with the polymer, the residual oxygen in the chamber may react with the unstable free radicals created during plasma treatment. Thus, the reaction may explain the observation of C-O bonding and the increase of oxygen content on the N 2 plasma treated surface. The O 1s spectra of 6FDA-BisAAF polyimide after plasma treatment agree nicely with their C 1s spectra. The appearance of O-C and OvC ͑in the imide ring structure͒ components in O 1s spectra of both O 2 and N 2 plasma treated samples ͑Fig. 3b and c͒ is in accordance with the bonding state seen in the C 1s spectra ͑Fig. 2b and c͒. In addition, the bonding state pertaining to the oxygen in linear O v C-N structure is observed in the O 2 plasma treated sample. Because oxygen is a reactive specie to react with the carbon in polymers, the linear OvC-N structure may attribute to the cleavage of imide rings during oxygen plasma treatment. Because the deconvoluted peaks of C 1s spectra are complex and crowded, the peak of linear OvC-N will overlap with the C-O and CvO ͑carbonyl groups in imide rings͒. Therefore, the linear OvC-N signal can only be identified in the O 1s spectrum of O 2 plasma treated sample. In addition, N 2 plasma reveals to be more effective in removing the surface fluorine. The incorporation of fluorine or fluorine functional groups ͑e.g., CF x ͒ in polymers will decrease the surface energy of polymers and result in a hydrophobic behavior. Thus, defluorination on the polymer surface generally leads to an increase in water absorption. Besides, the unstable bonds created by the N 2 plasma treatment may remain unreacted and tend to react with other species ͑i.e., H 2 O͒ in the environment. Therefore, a greater intensity of absorbed H 2 O in the TDS spectrum of the N 2 treated sample is observed ͑below 300°C͒. The significant increase in dielectric constant of the N 2 plasma treated sample can also explained by moisture absorption. Because the dielectric constant of water is 78.5 at 25°C, the absorption of water on the N 2 plasma treated sample may be the reason for the increase of dielectric constant from 2.75 to 3.12.
From the results shown above, more significant defluorination is observed in the N 2 plasma treated sample than that of O 2 plasma treatment. We suggest that defluorination may occur mainly from the reaction of fluorine and the inlet gases during the plasma treatment. The formation energies for NF 3 , NF 3 O, and NO 2 F are ⌬G f,298 K,NF 3 = −90.582 kJ/mol, ⌬G f,298 K,NF 3 O = −96.369 kJ/mol, and ⌬G f,298 K,NO 2 F = −66.418 kJ/mol, respectively. The formation energies for OF 2 , OF, and O 2 F are ⌬G f,298 K,OF 2 = 41.783 kJ/mol, ⌬G f,298 K,OF = 104.989 kJ/mol, and ⌬G f,298 K,O 2 F = 26.692 kJ/mol, respectively. 18 Because the formation energies of nitrogen fluoride and nitrogen fluoride oxide are negative, the formation of nitrogen fluoride is thermodynamically favorable. However, the formation of oxygen fluoride is unfavorable owing to the positive formation energy. Therefore, during the N 2 plasma treatment, the fluorine on the polyimide surface may react with the nitrogen and then leave the polyimide in the form of nitrogen fluoride. This should explain the more significant decrease of fluorine on the polyimide surface after N 2 plasma treatment.
Reduction of leakage current is an important issue in microelectronic devices. The mechanism of electrical current leakage is mostly attributed to the defects in the dielectrics or the interfacial roughness between dielectrics and metal or substrate. 9, 19 In this study, all polyimide films were prepared with the same process. The only variation is the different plasma modification on the polyimide surface. According to the AFM analysis, surface roughness ͑R rms ͒ values of untreated, O 2 , and N 2 plasma modified surfaces are 0.48, 1.63, and 1.48 nm, respectively. It is found that the surface roughness increases significantly after plasma treatment. Although the surface roughness of the O 2 and N 2 plasma treated sample is similar, the leakage of the O 2 plasma treated sample is the same as with the untreated sample and is relatively lower than that of the N 2 plasma treated sample. The result indicates the interfacial roughness is not the dominating factor in the current experiment for the leakage in the I-V characteristics.
Two possible reasons may explain the higher leakage current observed in the N 2 plasma treated system: the transportation of metal ion and the degradation of dielectric by the absorbed moisture. The deposited metal ͑Al͒ may react with the oxygen on the polyimide surface and form nonstoichiometric metal-oxides which become the source of metal ions. Besides, the unstable bonds introduced by the N 2 plasma treatment may react with the species ͑i.e., moisture͒, thus degrading the electrical characteristics. Rodriguez et al. 20 reported the mechanism of copper diffusion in porous low-k materials. In their research, copper oxides ͑CuO, Cu 2 O͒ serve as the source of Cu + /Cu 2+ ions and they are considered as the major species for diffusion. In this study, formation and diffusion of Al 3+ are relatively more difficult than that of Cu + /Cu 2+ ions under an electric field, 19 because Al-oxide is a very stable material. If the metal ion ͑Al 3+ ͒ transportation were the dominant reason for current leakage, the O 2 -plasma treated sample would exhibit a greater leakage current. Because the XPS analysis reveals more oxygen on the O 2 plasma treated polyimide surface, the formation of aluminum oxide shall be easier in the O 2 plasma treated system. Therefore, the larger leakage current in the N 2 plasma treated sample may be attributed to defects created by the plasma treatment. Shieh et al. 7 suggested nitrogen plasma treatment would damage the amorphous-C:F films and result in the unstable bonds on the surface. Tsu et al. 21 found that the moisture absorption will increase the leakage of the dielectric. Because nitrogen is less reactive with the polymer, the unstable bonds created during the N 2 plasma treatment may react with the other species ͑e.g., H 2 O͒ in the environment. A greater amount of absorbed moisture in observed in the N 2 plasma treated sample ͑Fig. 4͒. Therefore, the more absorbed H 2 O in the N 2 plasma treated sample may degrade the dielectric and lead to a greater leakage in the I-V characteristic.
Improving the thermal stability of polymers makes it possible for polymers to be used in the high temperature environment. From the TDS results shown in Fig. 5 , a delay of decomposition temperature of plasma treated samples is found. Therefore, the plasma treated samples may have advantages for using in the electronic devices. In addition, surface plasma modification may change the surface structure of the polymer and improve the adhesion of polymer and metals. 8, 15 Furthermore, the ion-bombardment of plasma will also create the carbon dangling bonds which provide interaction sites for as-deposited metal atoms to form metal-C bonding and will also improve the adhesion. Thus, it is believed that the plasma treatment in the current study will also enhance the adhesion with metals.
Conclusion
The experiment demonstrates the effects of O 2 and N 2 plasma treatments on fluorine-contained 6FDA-BisAAF polyimide. Chemical reaction on the polyimide surface during plasma treatment will be the key to the property. Through the reaction of atomic oxygen with the surface carbon atoms, O 2 plasma treatment reveals a significant damage to C-C/C-H bondings in the phenyl structure and results in the oxidization and structure destruction on the surface. Reactions between the nitrogen plasma and the fluorine in the polymer surface are thermodynamically favorable and lead to a more significant defluorination on the polyimide surface. Besides, the unstable bonds created by the N 2 plasma may also react with the moisture in the environment. The loss of fluorine atoms and unstable bonds created by N 2 plasma treatment will result in an increase of the water absorption. The absorbed H 2 O will degrade the dielectric and result in a larger leakage current in the N 2 plasma treated sample. In addition, surface plasma modification will also lead to a delay of polyimide decomposition during thermal treatment. However, the mechanism for the delay of thermal decomposition after plasma treatment is still not clear; further investigation must be done in the future. also indebted to the FTIR analysis instrument provided by Professor Wen-Ta Tsai, Department of Materials Science and Engineering, National Cheng Kung University.
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